Abstract. This study was conducted to assess the direct and indirect effects of Growstones TM aggregates, which are made from recycled glass, on fungus gnat, Bradysia sp. nr. coprophila (Diptera: Sciaridae), adult emergence, female egg-laying capacity, and egg survival. A series of experiments were performed under laboratory conditions to evaluate the effect of different sizes (2.0 to 10.0 mm) of Growstones TM aggregates, layer thicknesses (0.63 to 3.18 cm), and the use of the biological control agent, the rove beetle, Dalotia coriaria, along with different thicknesses (1.27 and 3.18 cm) of small Growstones TM aggregates on fungus gnat adult emergence. For each experiment, Growstones TM aggregates were applied to the surface of the growing medium in 473-mL polypropylene deli containers. This study demonstrated that the thickest (3.18 cm) layer of small (2.0 mm) Growstones TM aggregates significantly reduced or delayed the emergence of fungus gnat adults. In addition, the thickest layer of small Growstones TM aggregates may have indirectly affected egg survival. However, the use of Growstones TM along with rove beetle adults did not significantly reduce fungus gnat adult emergence.
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Fungus gnats are a commonly encountered insect pest of greenhouses (Dennis, 1978; Hamlen and Mead, 1979) and are typically a problem in moist environments such as those that occur in propagation or plug production (Cloyd, 2000) . Adults cause minimal direct damage to plants; however, a single female Bradysia sp. nr. coprophila Lintner (Diptera: Sciaridae) can lay 96 eggs on the surface of the growing medium (Meers and Cloyd, 2005) . After eggs hatch, larvae feed on plant roots causing plant stunting, wilting, and possibly plant death (Jarvis et al., 1993; Springer, 1995; Wilkinson and Daugherty, 1970) . In addition, indirect damage by larvae is associated with transmission of certain soilborne plant pathogens (Gardiner et al., 1990; Gillespie and Menzies, 1993; Jarvis et al., 1993) .
Currently, insecticides applied as drenches to the growing medium are an effective management strategy against fungus gnat larvae (Hamlen and Mead, 1979; Lindquist, 1994; Lindquist et al., 1985) . However, as a result of the limited number of insecticides registered for use in greenhouses, and the costs associated with development and registration of new insecticides (Lewis, 1977) , it is important to judiciously use the currently available compounds (Lindquist et al., 1985) . Biological control agents such as the rove beetle, Dalotia coriaria Kraatz (Coleoptera: Staphylinidae), have been shown to be an effective predator against fungus gnat larvae (Carney et al., 2002; Echegaray, 2012) . However, a number of insecticides are directly and indirectly harmful to rove beetles (Cloyd et al., 2009) . Consequently, physical barriers may be a long-term management strategy that could also be used with biological control agents (Banks, 1976) .
Physical barriers are used to alter the environment so as to make it inaccessible to insect pests (Banks, 1976) . There are a number of benefits associated with physical barriers such as compatibility with other insect pest management strategies including biological control and minimal impact on the environment (Boiteau, 2002) . Nonetheless, physical barriers do not reduce an insect population immediately, which typically happens with most insecticides (Boiteau, 2002) . A physical barrier could be placed on the surface of the growing medium to inhibit adult fungus gnat emergence or possibly reduce adult female egg-laying or egg survival (Cloyd et al., 2007a) , whereas rove beetles feed on fungus gnat larvae in the growing medium. Physical barriers have been evaluated as a pest management strategy against insect pests, specifically the fungus gnat, Bradysia sp. nr. coprophila (Cloyd et al., 2007a) .
Previous research by Cloyd et al. (2007a) evaluated the effect of dry and moist diatomaceous earth and sand as a physical barrier against fungus gnats. Diatomaceous earth affects insects either by removing or absorbing oils and waxes on the outer insect cuticle or by abrading the cuticle causing extensive moisture loss leading to desiccation. However, when diatomaceous earth becomes moist, it loses any abrasive properties (Korunic, 1998) . Cloyd et al. (2007a) determined that both dry and moist diatomaceous earth and sand formed cracks or air pockets over time, which decreased their ability to negatively affect fungus gnats. This suggests that diatomaceous earth and sand may not be effective physical barriers.
Despite this, there are other materials that may act as physical barriers against fungus gnats such as Growstonesä (Growstone, Inc., Albuquerque, NM). Growstonesä aggregates are processed from 100% recycled glass and are primarily used as a hydroponic growing substrate in which plants are inserted into containers containing Growstonesä aggregates. A nutrient solution is applied to the container. Growstonesä aggregates are lightweight and can be manufactured into different particle sizes (Evans, 2011) . It is possible that Growstonesä aggregates may serve as a physical barrier against fungus gnats in greenhouses. Therefore, the objectives of this study were 3-fold: 1) to determine the direct effect of Growstonesä aggregates applied to the growing medium surface on fungus gnat adult emergence; 2) to assess the indirect effect of Growstonesä aggregates placed on the growing medium surface on female egglaying and/or egg survival and subsequent adult emergence; and 3) to determine if using rove beetle, Dalotia coriaria, adults in conjunction with Growstonesä is synergistic in affecting fungus gnat adult emergence. growing medium inside the containers was Sunshine LC1 Professional Growing Mix (Sun Gro Horticulture, Inc., Bellevue, WA) consisting of Canadian sphagnum peatmoss, coarse perlite, starter nutrient charge (with gypsum), and dolomitic limestone. The laboratoryreared colonies were maintained at 24 ± 3°C, 50% to 60% relative humidity, and a 14:10 (light:dark) -h photoperiod.
Materials and Methods

Fungus
Rove beetle colony. Laboratory-reared colonies of the rove beetle, Dalotia coriaria, were located in the Department of Entomology at Kansas State University with colonies also maintained in 8.0-L plastic containers with tight-sealing lids (see above) containing Sunshine LC1 Professional Growing Mix at 24 ± 2°C, 30% to 60% relative humidity, and a 0:24 (light:dark) -h photoperiod.
Deli containers. Approximately 10 holes were inserted into the bottom of circular 473-mL polypropylene deli containers (8.0 cm bottom diameter, 11.0 cm top diameter, and 7.5 cm height) (Fabri-Kal Corp., Kalamazoo, MI) and insect screening was hot-glued to the bottom of each container so the container could be watered through capillary action. All deli containers were prepared with 80 g of Sunshine LC1 Professional Growing Mix growing medium 24 h before infesting with fungus gnat larvae or releasing adult fungus gnats (males and females). For all experiments (described below), the deli containers with tight-sealing lids, modified with insect screening to prevent fungus gnat adults from escaping and also allow for ventilation, were maintained in an environmental growth chamber (Adaptis CMP 6010; Conviron, Winnipeg, Manitoba, Canada) set at 24 ± 2°C and a 0:24 (light:dark) -h photoperiod.
Bottom-up experiments. These experiments, which focused on fungus gnat larvae, were conducted to determine the effect of Growstonesä aggregates on fungus gnat larval movement and subsequently adult emergence. Fungus gnat larvae were obtained by placing a fungus gnat-inoculated growing medium sample (10 g) into a 50 · 15-mm glass petri dish using a spatula. Water was added to the growing medium and 20 fungus gnat larvae (second and third instar) were collected using a 150-mm disposable flint glass non-sterile Pasteur pipette and then placed in a 50 · 15-mm glass petri dish filled with 8 to 10 mL of water. Larvae were counted under a stereomicroscope (Nikon SMZ-U; Fryer Comp., Huntley, IL) and then the entire contents were poured into a deli container filled with growing medium as described previously. After infesting the deli containers with fungus gnat larvae, the containers were placed into the environmental growth chamber set at 24 ± 2°C and a 0:24 (light:dark) -h photoperiod for 24 h.
Expt. 1: Effect of three different sizes of Growstonesä aggregates on fungus gnat adult emergence. Three different particle sizes of Growstonesä (treatments) aggregates were evaluated: small (2.0 mm), medium (no size available), and large (10.0 mm). A control with no Growstonesä was also included. A single layer (between 2.0 and 10.0 mm) of each treatment was placed on the surface of the growing medium that was previously infested with fungus gnat larvae. There were 10 replications per treatment. In addition, 70 mL of water was added to the containers 24 h after applying the treatments to maintain growing medium moisture and ensure fungus gnat larval survival. As needed, water was poured into a dish placed at the base of each container, which allowed the growing medium to be moistened constantly through capillary action. A 2.5 · 2.5-cm yellow sticky card was affixed to the underside of the lid of the deli containers to capture emerging fungus gnat adults. The total number of adults captured was recorded 19 d after the Growstonesä treatments had been applied. For this experiment, and subsequent experiments, all the treatments were randomized within the environmental growth chamber.
Expt. 2: Effect of two thicknesses of Growstonesä aggregates on fungus gnat adult emergence. Three treatments [3.18-cm Growstonesä layer, 1.27-cm Growstonesä layer, and no Growstonesä (control)] of small (2.0 mm) Growstonesä aggregates were placed on the surface of the growing medium. There were 10 replications per treatment. Containers were maintained in the environmental growth chamber (see above) and water was added, as needed, into a dish placed at the base of each container. This moistened the growing medium through capillary action. After 7 d, a 2.5 · 2.5-cm yellow sticky card was attached to the underside of the lid of each deli container to capture adult fungus gnats on emergence. The total number of fungus gnats captured on the yellow sticky card was recorded daily for 9 d after the first adult fungus gnat was observed.
Expt. 3: Effect of using rove beetle, Dalotia coriaria, adults with two thicknesses of Growstonesä aggregates on adult fungus gnat emergence. There were six treatments associated with the small (2.0 mm) Growstonesä aggregates: 3.18-cm Growstonesä layer and five rove beetle adults, 3.18-cm Growstonesä layer, 1.27-cm Growstonesä layer and five rove beetle adults, 1.27-cm Growstonesä layer, five rove beetle adults, and control (no Growstonesä or rove beetle adults). There were 10 replications per treatment. Rove beetle adults (24 to 48 h old) were released into the designated containers 24 h after the growing medium was infested with fungus gnat larvae and then 24 h later the Growstonesä treatments were placed on the surface of the growing medium. There were five replications per treatment. The experimental procedures afterward were similar to those described previously. Seven days after the rove beetle adults were added, a 2.5 · 2.5-cm yellow sticky card was attached to the underside of the lid of each deli container to capture adult fungus gnats on emergence. The number of adults captured was determined 19 d after the Growstonesä treatments had been applied. After the number of captured fungus gnat adults was recorded, the growing medium in each deli container was sieved to quantify the number of rove beetles present at the end of the experiment.
Top-down experiments. These experiments focused on the behavior of fungus gnat adults and were conducted to assess fungus gnat egg-laying capacity or egg survival. The process involved fungus gnat eggs hatching, larvae migrating through the Growstonesä layer to reach the growing medium to feed, and then migrating back through the Growstonesä layer to pupate and emerge as adults. Adult fungus gnats (males and females) were collected from the main colony and gender was determined using a stereomicroscope to form mating pairs. Fungus gnat adults were maintained separately in a 9-dram plastic vial 24 h before being released into the deli containers.
Expt. 4: Effect of three thicknesses of Growstonesä aggregates applied to the growing medium surface on fungus gnat egg survival. There were three treatments based on thickness (0.63 cm, 1.27 cm, and 1.90 cm) of the small (2.0 mm) Growstonesä aggregates. A control with no Growstonesä was also included. The treatments were applied to the surface of the growing medium in the deli containers. There were 10 replications per treatment. Pairs of fungus gnat adults (males and females) were collected (as described previously) and maintained in a vial for 24 h before a single mated female was released into the designated containers. After 2 weeks, a 2.5 · 2.5-cm yellow sticky card was affixed to the underside of the deli container lid to capture fungus gnat adults on emergence. The total number of adults captured was recorded 28 d after initially releasing adults into the deli containers. An indirect assessment of egg survival was based on the number of fungus gnat adults captured on the yellow sticky cards.
Expt. 5: Effect of two thicknesses of Growstonesä aggregates applied to the growing medium surface on fungus gnat adult emergence. There were two treatments based on two thicknesses (3.18 and 1.27 cm) of the small (2.0 mm) Growstonesä aggregates. A control treatment with no Growstonesä was also included. There were 10 replications per treatment. The treatments were applied to the growing medium surface of the deli containers. Fungus gnat adult mating pairs (males and females) were collected and placed into a 9-dram vial for 24 h and then the female was released into each deli container. Before releasing the fungus gnats, 100 mL of water was added to the deli containers with Growstonesä. A 2.5 · 2.5-cm yellow sticky card was attached to the lid underside of each deli container to capture emerging adults. The total number of fungus gnat adults captured was recorded 11 d after the first fungus gnat adult was observed.
Statistical analysis. Data from each experiment (1 through 5) were analyzed using SAS Statistical Software Program Version 9.2 (SAS Institute, 2002) in a one-way analysis of variance with the number of fungus gnat adults captured on the yellow sticky cards the primary response variable. When a significant effect of the response variable was detected, multiple comparisons were conducted using Tukey's least significant means test at P # 0.05.
Results
Results from Expt. 1 are presented in Figure 1 . There was no significant difference (F = 1.27; df = 3, 39; P = 0.2995) among the Growstonesä treatments based on the mean number of fungus gnat adults that emerged from the growing medium associated with the small (2.0 mm), medium, or large (10.0 mm) Growstonesä aggregates. Each treatment had greater than 18 fungus gnat adults captured on the yellow sticky cards. However, this only entailed a single layer of a porous and irregular-shaped aggregate type substrate on the growing medium surface, which had no direct effect as a physical barrier. For Expt. 2, there was a significant difference among treatments (F = 6.5; df = 2, 29; P = 0.0049) on the final assessment date, which was 9 d after the initial observation of fungus gnat adults emerging. Fewer fungus gnat adults emerged (12.6 ± 1.2; mean ± SEM) from the thickest Growstonesä treatment (3.18-cm layer) compared with the control treatment (18.4 ± 0.6) with no Growstonesä (Fig. 2) . In addition, the thickest layer of Growstonesä delayed fungus gnat adult emergence over the 9-d evaluation period (Fig. 3) . There was no significant difference between Treatment 1 (3.18-cm layer of Growstonesä) and Treatment 2 (1.27-cm layer of Growstonesä). Also, we observed fungus gnat larvae (fourth instar) migrating through the layers of the Growstonesä aggregates (Fig. 4) . The results from Expt. 3 indicated a significant difference among the treatments (F = 5.78; df = 5, 29; P = 0.0012); however, there was no significant difference between the treatments associated with the same Growstonesä thickness with or without five rove beetle adults (Fig. 5) . The mean number of rove beetles recovered (adults and larvae) from Treatments 1, 3, and 5 was 3.6 ± 0.4, 4.6 ± 1.2, and 5.8 ± 1.5, respectively, with 90% of the recovered rove beetles being adults. Significantly fewer (F = 5.23; df = 3, 19; P=0.0105) adult fungus gnats emerged from the growing medium with the thickest layer (1.90 cm) of small (2.0 mm) Growstonesä aggregates indicating an indirect effect on egg survival associated with Expt. 4. On average, 88.0 ± 20.4 fungus gnat adults were captured on yellow sticky cards in the control treatment, whereas 14.6 ± 8.8 fungus gnat adults were captured in containers with the 1.90-cm Growstonesä layer. The other thicknesses (0.63 and 1.27 cm) were not significantly different from the control (no Growstonesä) with 44.0 ± 13.0 and 37.8 ± 7.3 fungus gnat adults captured on the yellow sticky cards, respectively (Fig. 6) . For Expt. 5, there were significantly (F = 4.53; df = 2, 27; P = 0.02) fewer fungus gnat adults captured on the yellow sticky cards (53.5 ± 9.0) associated with the thickest Growstonesä layer (3.18 cm) than the control (94.1 ± 7.7) (Fig. 7) .
Discussion
Small Growstonesä aggregates at the thickest layer (3.18 cm) resulted in significantly fewer adults emerging in deli containers compared with the control (no Growstonesä). In addition, the thickest layer of Growstonesä aggregates delayed fungus gnat adult emergence. This delay in emergence was probably the result of the additional layer of Growstonesä that fungus gnat larvae had to migrate through to pupate and egress as adults.
The use of the rove beetle, Dalotia coriaria, against fungus gnat larvae has been shown to be an effective pest management strategy (Carney et al., 2002; Echegaray, 2012) . Banks (1976) proposed that a benefit of physical barriers would be minimal direct harm to biological control agents, compared with insecticides, which may be directly or indirectly harmful to biological control agents including D. coriaria (Cloyd et al., 2009; Echegaray and Cloyd, 2012; Jandricic et al., 2006) . Results from our study, however, indicate no synergistic effect associated with using D. coriaria in conjunction with Growstonesä. The Growstonesä did not negatively affect rove beetle survival based on the number of adults and larvae recovered (refer to ''Results''), which is likely the result of the rove beetles remaining in the growing medium and not migrating through the Growstonesä layer. However, the reason there was no benefit of including the rove beetle may be that fungus gnat larvae escaped exposure from rove beetle adults by migrating through the Growstonesä layer to pupate, which was evident in the bottom-up experiments. Regardless, it might be warranted to study the interaction between the Growstonesä aggregates and the rove beetle adult.
The top-down experiments were primarily designed to indirectly assess fungus gnat egg survival. Previous research showed that females prefer to lay eggs in crevices within the growing medium where the humidity is higher than the growing medium surface (Binns, 1973) . For the top-down experiments, the addition of Growstonesä may have created a ''dry environment'' for fungus gnats. In fact, we initially observed high mortality (nearly 100%) within the first 24 h for both males and females after releasing them into the deli containers (A. Raudenbush, personal observation). So, to conduct the experiment, 100 mL of water was added to each deli container before releasing the fungus gnats. We used subirrigation to maintain constant moisture of the growing medium in each deli container that resulted in the Growstonesä absorbing water from the growing medium over time. Moistened Growstonesä were darker in color compared with dry Growstonesä (A. Raudenbush, personal observation), which indicated that they had absorbed water. In fact, Evans (2011) reported that Growstonesä aggregates are capable of absorbing moisture with a water-holding capacity of 34.3%, which is greater than perlite and parboiled rice hulls. Therefore, the moist Growstonesä may have provided a more favorable environment for fungus gnats to survive. Significantly fewer fungus gnat adults emerged in the top-down experiments associated with the thickest layer (3.18 cm) of Growstonesä compared with the control. It is possible that fungus gnat females laid fewer eggs in or on the Growstonesä layers. Meers and Cloyd (2005) reported that female fungus gnats prefer to lay eggs in certain soilless growing media. The growing medium used in our study was Sunshine LC1, which is a preferred growing medium for fungus gnat females to lay eggs (Meers and Cloyd, 2005) , so any characteristics associated with the growing medium such as the release of volatiles that may be repellent (Cloyd et al., 2007b) was not a factor that would have inhibited female fungus gnats from laying eggs. Based on the results from the bottom-up experiments, we know that fungus gnat larvae survived the Growstonesä treatments. Therefore, any effects in regard to the topdown experiments were likely associated with egg mortality or fewer eggs being laid by the females. The thickness of the Growstonesä layer may have affected the ability of the females to lay eggs, resulting in fewer adults emerging. Another possibility is that females laid eggs, but there was low egg survival as a result of the ''dry environment'' affiliated with the Growstonesä treatment. Eggs of many insects are very susceptible to desiccation under dry growing medium conditions (Shililu et al., 2004; Villani and Wright, 1990) . As such, further research is needed to determine how Growstonesä aggregates influence female egg-laying and egg survival. Furthermore, it is important to note that a physical barrier is designed to gradually reduce insect pest populations over time, unlike contact insecticides, which diminish insect populations immediately (Boiteau, 2002) . This study has shown that Growstonesä delayed fungus gnat adult emergence over time, which may reduce the number of individuals in future generations. Consequently, further research is needed to evaluate the effect of Growstonesä as a physical barrier against fungus gnats over multiple generations. Results may in fact justify the use of Growstonesä in greenhouse production systems.
Physical barriers are not a stand-alone strategy but may be used as part of a plant protection program (Boiteau, 2002) . Moreover, there could be issues associated with labor in applying physical barriers such as Growstonesä, although it may be possible to automate this procedure. Regardless, physical barriers are permanent and may have long-term effects on insect pest populations, which could decrease insecticide use (Boiteau, 2002) . For example, a potential benefit of the Growstonesä treatment may be as fungus gnat larvae migrate through the layer, this increases their exposure to insecticide applications resulting in higher mortality, whereas in the growing medium, the larvae can hide in cracks and crevices, thus escaping exposure to insecticides or the insecticide may be absorbed by any organic matter present in the growing medium (Castro and Yoshida, 1974; Leenheer and Ahlrichs, 1971) , thus preventing contact with fungus gnat larvae. Both of these scenarios might result in a decrease in insecticide efficacy. Therefore, the use of Growstonesä may in actuality lead to a reduction in the number of insecticide applications required against fungus gnat larvae, which is a cost-savings in labor and lessens the risk of insecticide resistance. Fig. 6 . Mean number of fungus gnat, Bradysia sp. nr. coprophila, adults captured on yellow sticky cards (2.5 · 2.5 cm) associated with each treatment using different thicknesses (0.63, 1.27, and 1.90 cm) of the small (2.0 mm) Growstonesä aggregates (Growstone, Inc., Albuquerque, NM) and a control (no Growstonesä) when a single fungus gnat female was released into each 473-mL deli container. Bars with the same lower case letter are not significantly different from each other (P $ 0.05) based on Tukey's least significant means test. Vertical lines represent the SEM. Fig. 7 . Mean number of fungus gnat, Bradysia sp. nr. coprophila, adults captured on yellow sticky cards (2.5 · 2.5 cm) associated with two thicknesses (1.27 and 3.18 cm) of small (2.0 mm) Growstonesä aggregates (Growstone, Inc., Albuquerque, NM) and a control (no Growstonesä) with a single fungus gnat pair (male and female) released into each 473-mL deli container. Bars with the same lowercase letter are not significantly different from each other (P $ 0.05) based on Tukey's least significant means test. Vertical lines represent the SEM.
